A new type of curve-face gear pair -high speed curve-face gear pair is proposed. It combines the high speed cam motion law and the curve-face gear transmission, and can transmit rotation/axial motion and power between intersecting axis. The meshing coordinate system of the gear transmission is established and the basic principle of engagement is expounded. The composite motion law and force of high speed curve-face gear drive are analyzed, and influences of the basic structural parameters on the pressure angle and the force are analyzed in detail. The comparison between the experimental results and the theoretical results shows that the basic principle and design of the gear transmission are verified. Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) et al., 2009).Compared with the traditional combination mechanism, this composite kinematic pair has the advantages of simpler structure, higher reliability, and high speed motion, which can replace some traditional combination mechanisms. And this is of great significance for the equipment lightweight and simplifying the mechanical structure. The disadvantage is that it is difficult to design and manufacture at the present stage.
Introduction
Rotation/axial composite motion is widely used, such as textile machinery, agricultural machinery, light industry machinery, tool changing mechanism of machining center and cleaning agencies (Liu et al., 1997) .
Common institutions that can generate rotating and axial motion are non-circular gear, curve-face gear and some combination mechanisms, wherein the curve-face gear pair is only suitable for low speed occasions. High speed curve-face gear combines high speed and rotation/axial composite motion, and can be applied to some specific situations.
The common combination mechanisms include linkage cam combination mechanism, cam link combination mechanism (Wei et al., 2012) , cam gear combination mechanism (Ottaviano et al., 2008) , gear link combination mechanism (Xue et al., 2012) and gear and hydraulic combination mechanism (Zou et al., 2006) . Kang et al proposed a new type of uninterrupted transmission system that can accommodate various angular velocity ratios, method that realizes the desired rotation of the output shaft and solves the constraint problem between the angular velocity ratio and the number of teeth on the clutch was researched (Kang et al., 2012 (Kang et al., , 2013 . These institutions are capable of achieving specific requirements for trajectories or composite motions, but they have more complex structure, larger volume and weight. It is not suitable for the situation that the structure size is limited and the motion law is too complex.
A composite motion gear pair is unique and simple in structure in composite motion mechanisms. It relies on the change of the curve shape of the gear pair to realize the rotation/axial motion. The composite motion gear pair comprises an orthogonal composite motion bevel gear pair (Lin et al., 2014) , an orthogonal composite motion curve-face gear pair (Lin et al.,2015) , a composite motion face gear pair, a composite motion non-circular gear pair and a non-circular gear rack pair.
Curve-face gear pair is a new type of gear pair between intersecting axes. It combines the driving characteristics of non-circular gears, non-circular bevel gear and face gear, and can transmit motion and power of variable transmission ratio. High speed curve-face gear pair is a new type of gear pair based on the composite motion mechanism of curve-face gear pair (Lin et al., 2013) . It combines the characteristics of cam mechanism and curve-face gear pair, and realizes high speed composite motion through the change of pitch curve. Litvin et al studied the application and basic theory of face gear such as design method, processing method and stress analysis (Litvin et al., 1992 (Litvin et al., , 2002 (Litvin et al., , 2005 . Tang Jinyuan and Li focused on meshing theory, contact analysis and finite element analysis et al (Tang et al., 2012 
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 is the accompanied coordinate system of curve-face gear.
P is the meshing point. The point 1 P is on the pitch curve of cylindrical gear and the point 2 P is on the pitch curve of curve-face gear.  . According to the principle of spatial coordinate transformation, the homogeneous conversion matrix from the accompanied coordinate system 1 of the pinion to the accompanied coordinate system 2 of curve-face gear is 
The coordinate value of point 1 P in coordinate system 1 can be expressed as   
The driving gear 2 Curve-face gear Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Thus the parametric equation of the pitch curve of curve-face gear can be obtained as
It can be seen from the Eq. (3) that the pitch curve of the curve-face gear is a cylindrical surface curve which takes R as the radius, and different motion law can be realized according to different s .
3. Analysis of composite motion law of high speed curve-face gear 3.1 The pitch curve of curve-face gear
The pitch curve of 3-4-5 order polynomial is characterized by: The speed and acceleration of the follower during the whole movement are continuous and without mutation, avoiding rigid impact and flexible impact. Therefore, this motion law applies to high speed occasions.
The pinion is set as a driving gear and the rotation axis is fixed, then the curve-face gear can realize the rotation/axial composite motion. The number of cycles of the pitch curve of curve-face gear is 2 n , is the return angle. h is the distance of run. The radius of the cylindrical gear is affected by the radius of curvature of the pitch curve. It is clear that the larger the radius of curve-face gear and the smaller the curvature, the greater the radius of curvature. Assuming that the radius is 50 R mm  and the order is 2 1 2 3 n , ,  , the curvature is shown in Fig. 2 . . Thus, the modulus m and the number of Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) teeth 1 z in the basic parameters of the latter are determined.
Composite motion law
As shown in Figure 3, According to the principle of gear engagement, the speed of pinion and the speed of curve-face gear are respectively 
The axial velocity is
The expression of the axial velocity is obtained. 
The axial acceleration is 
The axial angular acceleration is Fig. 3 The relative movement of curve-face gear pair Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 
The variation law of transmission ratio
According to the basic principle of gear engagement, the pitch curves of the two gears keep pure rolling, and the instantaneous velocities of the meshing point on the two gears is equal, that is,
Simultaneous the Eq. (4), (5), (6) and (10), the transmission ratio can be calculated as follows
The angular velocity of curve-face gear is
The rotation speed of curve-face gear is   , that is, the pinion and curve-face gear engage in the peak or trough, the transmission ratio reaches the minimum, that is
reaches the maximum, i.e., the axial velocity is the maximum, the transmission ratio 12 i achieves the maximum. The average drive ratio is the ratio of the teeth number of face gear to that of the pinion, i.e., 
Velocity analysis

Force analysis of curve-face gear pair 4.1 Force condition
The design and verification of the transmission system is directly affected by the force condition in the meshing process of gear pair. For gear strength calculation, it is necessary to know the force on the gear teeth, which requires the force analysis of the gear transmission. The force analysis of the gear transmission is also necessary to calculate and mount the shaft and bearing. When analyzing the force of gear teeth, unless specifically studied, the radial force, the tangential force and the axial force can be calculated without considering the friction between the teeth of the gear.
The force condition is shown in Fig. 6 . In theory, the gear pair has only two directions of component force. For the driving gear, there are only tangential force and radial force, and no axial force. In practice, due to the existence of installation errors, there may be little axial force, which is not analyzed here.
As shown in Fig. 6 , 1 N and 1 T are rotational speed and torque of cylindrical gear, respectively. Systems, and Manufacturing, Vol.11, No.6 (2017) F tan h,m,z ,n ,R,N , ,T h,m,z ,n ,R,N F h,m,z ,n ,R,N ,T h,m,z ,n ,R,N ,T  (17)  F tan h,m,z ,n ,R,N ,T , h,m,z ,n ,R,N 
Where  is the pressure angle of gear pair.
Pressure angle
To calculate the meshing force of gear pair, it is necessary to calculate its pressure angle first. When the pressure angle increases, the gear pair transmits the same torque required for the greater force, and even the phenomenon of self-locking may occur. Generally, the pressure angle must not be greater than 65 degrees, so it is necessary to analyze the pressure angle of composite motion.
For the composite motion of high speed curve-face gear pair, the pressure angle during the meshing process is different from that of the standard involute gear pair. According to the definition of mechanical principle, the angle between the direction of the normal force and the velocity direction of any point on the involute is the pressure angle of the point. For the high speed curve-face gear pair, the pressure angle is the angle between the normal force of cylindrical gear and the absolute velocity of curve-face gear at the engagement point. n and R on pressure angle  and axial displacement s are discussed. The change of the parameters is shown in Table 2 . Fig.9 Impacts of h on  and s As shown in Fig.9 , with the increase of h , the minimum of  decreases, the maximum of increases and the period is not changed. By choosing appropriate h , the range of  can be changed so as to satisfy the transmission Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) requirement of practical application. When 2 1 2 3 n , ,  , the variation law is shown in Fig.10 . n on  and s As shown in Fig.10 , with the increase of 2 n , the amplitude of variation of  increases, that is, the maximum of  increases, the minimum of decreases and the period is shortened. The period of s is also shortened Then the load on the tooth is also increased accordingly. Therefore, in actual situations, the smaller 2 n should be selected as much as possible under the premise of meeting the requirements. When 50 60 70 R , , ( mm )  , the variation law is shown in Fig.11 . Fig.11 Impacts of R on  and s As shown in Fig.11 , with the increase of R , the amplitude of variation of  decreases, that is, the maximum decreases, the minimum increases and the period is not changed. And the variation law of s is not changed. In practical application, the appropriate larger R should be selected to reduce the pressure angle, thus the load on the gear tooth can be reduced.
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Influences of basic structural parameters on force
According to the force analysis, it can be seen that the driving gear is only affected by the radial force and tangential force in the process of transmission, which ensures the smoothness of the gear transmission. The radial force of the driving gear and the axial force of driven gear interact with each other. In order to reduce the vibration of curve-face gear, the radial force of cylindrical gear must be reduced. In addition, the tangential force of the gear tooth has a great influence on the contact stress of the tooth surface and the bending stress of the tooth root during the meshing process. Therefore, it is of great significance to analyze the influence of the basic structural parameters of gear pair on the force. n , ,  , the variation law is shown in Fig.14 . Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) As shown in Fig.15 , with the increase of R , s is not changed.
1 t F is reduced and the period is not changed, thus the torque of pinion is reduced. The period of 1 r F is not changed and the amplitude of variation decreases, that is, the maximum decreases, the minimum increases. The amplitude of variation of 2 a F decreases, thus the vibration of curve-face gear is weakened. Proper larger R should be selected to reduce the tangential force and torque of pinion, while reducing the vibration of curve-face gear so that the more advantageous transmission can be realized. When 1 2 3 m , ,  , the variation law is shown in Fig.16 . T increases, that is, the maximum increases, the minimum decreases. The variation of 1 r F is relatively small. Therefore, the appropriate smaller m should be selected to ensure that the torque of driving gear and the vibration of curve-face gear are changed within a reasonable range. Lin, Yu and Hu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) The influence of the number of teeth is similar to that of the module, so it is not discussed here. N will not cause the violent vibration of curve-face gear, indicating that the gear pair can achieve certain high speed motion.
Experiments
As shown in Fig.18 , the axial displacement is measured by the laser displacement sensor. Gear 1 is cylindrical gear and gear 2 is curve-face gear. The measuring range is 50 plus or minus 10mm, and the sensor is placed on the axial end of the output shaft. The sampling period is 5ms, which means the sampling frequency is 200Hz. Start the motor, adjust the rotation speed and loads gradually, and after a period of operation, click "storage start" in the computer data storage section, and the controller begins to read the measurement data. After sampling 5000 points, the storage is stopped and the data is eventually stored as Excel file. （a）Measured results of axial displacement （b）Theoretical value and measurement value Fig.19 The comparison of s between experiment and theory As shown in Fig.19 , the measured value is not far from the theoretical value and the axial displacement changes twice when the curve-face gear turns a week, and its maximum value is close to that of the theoretical maximum. The theoretical value is 7mm, and the experimental measurement is about 6.52 mm and the error is 6.86%, which indicates that the theoretical analysis is correct. 
Conclusions
1) The variation law of composite motion and force of high speed curve-face gear is calculated and analyzed. The influences of the basic structural parameters on the pressure angle and force are analyzed in detail. At the same time, the feasibility of realizing high speed composite motion is illustrated by two aspects of speed and force.
2) The test platform of composite motion is designed and built and the motion law of the output shaft and meshing force are verified. Finally, compared with the theoretical analysis, the correctness is verified.
